We examined the validity of classifying tree species as early, mid-, or late-successional based on age and height-growth rates, by comparing the age and height-growth rates of trees in the boreal forest. 2 Age was first examined using the traditional method of coring 30 cm above the root collar; then dendrochronology was used to locate the root collar and missing annual growth rings. Traditional ageing differentially underestimates tree age; species classified as early successional ( Populus tremuloides , Betula papyrifera , and Pinus banksiana ) are less severely underestimated than those classified as mid-and late-successional ( Picea glauca , Picea mariana , and Abies balsamea ) (0-11 vs. 0-43 years), and also have relatively fewer locally missing growth rings. Ageing at the root collar shows that all tree species recruit within 5 -10 years after fire and age cannot therefore be used to determine successional status. 3 Mean time taken to grow to each 1-m increment from the root collar was estimated for each species. Species classified as early successional have relatively higher growth rates between the root collar and the first metre; they are therefore less severely underestimated when aged above the root collar, explaining why they often appear older than species classified as mid-and late-successional. The lack of species differences above 1 m means that height-growth rates cannot be used to classify these tree species as early, mid-, or late-successional. 4 In the boreal forest of Saskatchewan, the rapid recruitment of all tree species after fire, and the short fire cycle mean that the forest dynamics between catastrophic wildfires are driven primarily by the mortality rates of each species.
Introduction
Clements' initial theory of plant succession involved a series of dominant plant species taking over 'the reins of social control' from one another (Clements 1916) . For forest development, this meant in practice that different plant species recruited or became dominant in the canopy at different times after stand initiation. Conversely, Egler's (1954) initial floristics model argued that, in some situations at least, all species recruit simultaneously soon after stand initiation. Regardless of point of view, ecologists working in many different forest types distinguish between early, midand late-successional species (also called pioneer, seral, and climax species, respectively) based on the timing of their recruitment or dominance in the canopy (e.g. Kneeshaw & Burton 1997; Linder et al . 1997; Frelich & Reich 1999) .
Empirical evidence in favour of either Clements' or Egler's forest succession models, has come primarily from determining the ages of individuals within a stand by coring each individual as close to the base as possible (typically 20-50 cm above ground level), and counting the annual growth rings. A static age distribution is then constructed in which older species are classified as early successional, and younger species are classified as either mid-or late-successional, depending on the timing of their recruitment. The static age distribution is then used to infer patterns of forest succession (e.g. Huff 1995; Lieffers et al . 1996; Engelmark et al . 1998 ). However, this method does not meet the critical assumption of identical age-specific recruitment and mortality rates in each age class (Johnson et al . 1994) . Moreover, studies that have used dendrochronology to determine tree age suggest that age determined by simple ring counting may not reflect the date of recruitment (e.g. DesRochers & Gagnon 1997; Parent et al . 2000) .
Distinctions between early, mid-and late-successional tree species have also been based on height-growth rates (Desponts & Payette 1992; Bergeron & Charron 1994; Kneeshaw & Burton 1997) . Species classified as early successional are often believed to have higher growth rates than those classified as mid-and latesuccessional because from recruitment through maturity the former are almost always taller. Despite this widely held belief, few studies present detailed empirical evidence, i.e. individual height-growth curves, for a significant number of mature trees, to confirm that there are significant species differences (but see Palik & Pregitzer 1991; Johnson et al . 1994; Bergeron 2000) .
We examine the validity of classifying tree species as early, mid-or late-successional based either on age or on height-growth rates using data from eight stands in the mixed-wood boreal forest of central Saskatchewan, Canada. Estimates of the ages of all individuals within stands, using the traditional method of coring and ring counting, are compared to those determined using dendrochronology to locate the root collar and missing annual growth rings. Stem analysis is used to examine the height-growth rates of each individual and determine whether there are differences in height-growth rates between species classified as early, mid-, and latesuccessional. Using these results we re-examine interpretations of forest succession.
Materials and methods

 
The study area is located in Saskatchewan, Canada (53 ° 34 ′ N to 54 ° 24 ′ N and 105 ° 25 ′ W to 107 ° 52 ′ W). The topography is gently rolling, ranging from approximately 525-650 m a.s.l. The climate is characterized by long, cold winters and short, cool summers. July and August are the warmest months of the year with average maximum temperature exceeding 20 ° C three days out of four. The average annual precipitation ranges from 400 to 500 mm, of which 70% occurs as rain.
The major disturbance, high intensity, lightningcaused wildfires that kill most of the canopy trees and understorey vegetation, is controlled primarily by weather; variations in topography, substrate and microclimate have relatively little influence on fire intensity (Weir et al . 2000) . The study area is part of the Boreal Mixedwood Forest (Rowe 1972) , which is dominated by eight upland tree species, including Populus tremuloides Michx., Picea glauca (Moench) Voss, Abies balsamea (L.) Mill., Pinus banksiana Lamb., Picea mariana (Mill) B.S.P., Populus balsamifera L., Larix laricina (Du Roi) K. Koch., and Betula papyrifera Marsh. Of these, P. tremuloides , P. banksiana , and B. papyrifera are classified as early successional species, P. glauca and P. mariana as mid-or late-successional, and A. balsamea as late-successional (Beckingham et al . 1996) .
Moisture and nutrients, which control the distribution of upland plant species within the area (Bridge & Johnson 2000) , depend on surficial material (primarily glaciofluvial and glacial till) and the geomorphic processes that create hill-slopes. On glacial till hill-slopes the upper regions are at the middle of the moisture and nutrient gradients and are dominated by P. tremuloides . At mid-slope positions, P. glauca and P. tremuloides codominate, with P. glauca becoming increasingly dominant as moisture and nutrients increase downslope. On glaciofluvial hill-slopes, the tops, which are dry with low nutrients, are dominated by P. banksiana , with P. mariana becoming codominant and eventually dominant as moisture and nutrients increase downslope.
 
We sampled eight stands varying in geomorphic surface, hill-slope position, species composition, and time since the last stand-replacing fire (55-154 years, Table 1 ). We emphasize that the stands are not intended to show different stages of succession, i.e. a chronosequence, but simply provide a variety of stands in which we can examine the age and height growth of individuals. Selected stands (1) had no evidence of anthropogenic disturbance, (2) had vegetation rooted in mineral soil with no evidence of standing water in the top 30 cm of mineral soil, (3) were visually homogeneous with respect to stand age, stand structure, and species composition, and (4) contained at least two tree species. Plot size, varying from 100 to 576 m 2 , was established to include a minimum of 25 live canopy individuals (Table 1) .
   
Each stand was divided into a grid at 2-m intervals and all live seedlings (< 50 cm height), saplings (> 50 cm height and < 5 cm basal diameter), and trees (> 5 cm basal diameter) were labelled and mapped. Two to three workers carefully searched each stand to ensure that all individuals (i.e. including newly recruited seedlings, if present) were located. All seedlings, along with their roots, were removed from the ground and all of the organic material, down to mineral soil, was then removed from within the entire plot using hand rakes. Next, all sapling and tree stumps were completely removed from the ground by first cutting each individual at the base, and then cutting all lateral roots and tap roots (Fig. 1 ). Finally, a disk was cut at every metre to the top of each sapling and tree to construct heightgrowth curves. To remove all individuals from one stand, including stem disks and stumps, took four people 15-30 days.
All seedlings, sapling and tree disks and stumps were brought back to the laboratory for processing; no samples were processed in the field. In total, 1499 individuals were collected and processed. Seedling ages were determined by counting bud scale scars from the root collar to the top of each seedling. The age of most seedlings larger than 0.25 cm basal diameter was also determined by counting annual growth rings at the root collar (Fig. 2) . To locate the root collar of each seedling, sapling and tree, each stump was cut into cross-sections 1-2.5 cm thick, and sanded sequentially with coarse and fine sand papers (up to 600 grain). The root collar was located in all samples using a 10-60 × power dissecting microscope, and noting from one cross-section to the next, the shift in the central pith, from undifferentiated parenchyma cells in the stem, to a vascular cylinder in the root (Telewski & Lynch n, number of individuals; T-S-F, time-since-fire.
Fig. 1
Photograph showing how all sapling and tree stumps were removed from the ground. 1991). Also, all tree and sapling disks were sanded and counted on two radii to construct height-growth curves. We reconstructed the age at 30 cm above the root collar for each seedling (those > 30 cm height), sapling, and tree in each stand using age at root collar and height-growth curves from the cross-dated stump sections and stem disks. Using 30 cm above the soil surface would have more closely followed traditional ageing methods, but was impractical because we did not mark the location of the soil surface on each individual in the field. Similarly, it was not feasible to cut a disk in the field that was 30 cm above the root collar because the location of the root collar within each individual was not known prior to analysing the stump cross-sections. Mineral soil level was not a good indication of root collar level because the majority of individuals had their root collar below the mineral soil surface (S.L. Gutsell, unpublished data).
Within each seedling, sapling and tree stump section we located missing annual growth rings, i.e. years where an annual growth ring is not produced on all stem segments, using standard dendrochronological techniques (Schweingruber 1989; Yamaguchi 1991) . For each of the stump cross-sections we constructed a skeleton plot, which is a plot of unusually narrow or wide annual rings. Each skeleton plot was first cross-dated within the stump, and then against a species-specific master skeleton plot from each stand. Missing rings were evident when marker rings in a skeleton plot were offset compared to other skeleton plots within a stump, and when compared to the master plot. For each stand, sample processing and analysis took one technician 40-60 days.
Within each stand, we compared the average time taken by each species to grow to each successive metre height increment. To do this we used the age at each metre height from the root collar to the top of each tree. Within each stand we calculated the mean and standard error of the time taken to reach each metre height for all trees of each species in each cohort. Individuals that recruited within the first 10 years after fire are here referred to as the post-fire cohort, whereas individuals recruiting after that time are referred to as the understorey cohort. All trees within a cohort were plotted with a common starting time, despite differences in year of recruitment, in order to compare height-growth rates directly. A test of the effect of year of recruitment on height-growth rate for each cohort found no significant effect ( P < 0.05). Figure 3 shows the relationship of the age at 30 cm above the root collar and age at the root collar for each individual within each of stands A-H. The age at 30 cm underestimates root collar age for all species, and the degree to which it is underestimated differs both within and between species. In stands dominated by P. tremuloides , P. glauca and A. balsamea (Fig. 3a-d) , the species classified as early successional ( P. tremuloides and B. papyrifera ) have both the lowest and least variable underestimation at 30 cm (0-8 years and 0-11 years, respectively), whereas species classified as mid-and late-successional ( P. glauca and A. balsamea ) have both the greatest and most variable underestimation at 30 cm (0-37 years and 2-43 years, respectively). In stands dominated by P. banksiana and P. mariana (Fig. 3e-h ), the species classified as early successional, P. banksiana , has both a lower and less variable underestimation at 30 cm than the species classified as latesuccessional, P. mariana (1-10 years vs. 3-31 years).
Results
    30       
 -    
Ageing an individual at 30 cm or any height above the root collar by simply counting the annual growth rings underestimates the root collar age because the growth rings laid down between the root collar and the coring point are not counted. Figure 4 compares the time taken by each species in each stand to grow from the root collar to 1-m height. The lines do not reflect actual growth trajectories below 1 m, which would require that we cut and age several sections between the root collar and 1 m, but despite this, the differences between species remain clear. Within each stand there are significant differences between species in the time estimated for growth from the root collar to 30 cm above the root collar (dotted lines in Fig. 4) , being significantly greater for species classified as mid-and latesuccessional than as early successional ( P. glauca and A. balsamea vs. P. tremuloides and B. papyrifera in Fig. 4a-d ; P . mariana vs. P. banksiana in Fig. 4e-h) .
Interestingly, the differences in height-growth rates between species within each stand occur only within the first 1 m of growth, with few or no differences thereafter (Fig. 5) . In all stands, the species classified as midand late-successional attain the same, and occasionally better (Fig. 5c ,e,f) height-growth rates than those classified as early successional species. Time sometimes appears to decrease with height ( Fig. 5b-d,g-h) , because, with increasing height, fewer individuals are included in the calculation of the mean and standard error, i.e. shorter individuals with slower growth rates are no longer included in the mean. To aid in interpretation Fig. 5 also shows actual height-growth curves for the fastest and slowest individuals of each post-fire species in each stand.
     
Ageing an individual at 30 cm above the root collar by simply counting the annual growth rings underestimates the root collar age in part because some individuals have locally missing annual growth rings, i.e. Fig. 3 The relationship of the age at 30 cm above the root collar and age at the root collar for each individual within each of eight stands. The diagonal line indicates a perfect correlation; points further above the diagonal indicate greater underestimation at 30 cm. No points lie below the diagonal line because it is not possible for age at 30 cm to be greater than age at the root collar. growth rings are not laid down each year along all stem segments. Figure 6 shows that in most stands species classified as mid-and late-successional have the highest proportion of individuals with missing rings and the highest number of missing rings per individual, compared to species classified as early successional ( P. glauca and A. balsamea vs. P. tremuloides , Fig. 6a-d; and P. mariana vs. P. banksiana , Fig. 6e-h ).
  :    30       
The pattern of ages in each stand is similar to that found in nearly all other studies from the boreal forest when calculated from 30-cm ring counts (upper chart in each part of Fig. 7) . In stands dominated by P. tremuloides , P. glauca and A. balsamea , age at 30 cm indicates that P. tremuloides recruits within the first 3 -6 years after fire, and again 60 years or 90 years after fire, whereas B. papyrifera , which also recruits within the first 3-6 years after fire, recruits again 30, 65, or 80 years after fire ( Fig. 7a-c) . P. glauca recruits 6-10 years after fire, with a peak in recruitment 11-14 years after fire, and low and sporadic recruitment thereafter, with A. balsamea showing peaks 25, 50, 70, or 100 years after fire in various stands (Fig. 7a-d) .
When the ages of the same individuals are determined by counting the rings at the root collar, and cross-dating to locate missing annual growth rings, however, most individuals are in fact substantially older (Fig. 7, lower charts) . All species in these glacial stands ( Fig. 7a-d) recruit within the first 6 years after fire regardless of successional status. P. tremuloides and B. papyrifera may recruit again 60 or 80 years after fire, whereas P. glauca recruits 70 years after fire, but only in one stand, and A. balsamea 50, 60, or 100 years after fire depending on the stand. Interestingly, few individuals of any species in the understorey are older than 50 years, despite wide variation in stand age.
In stands dominated by P. banksiana and P. mariana (Fig. 7e-h ), the pattern of ages is again similar to most earlier studies from the boreal forest when determined at 30 cm. P. banksiana recruits within the first 3-9 years after fire with P. mariana starting after 6-9 years, peaking at 8-17 years, and showing low and sporadic recruitment thereafter.
Ages at the root collar are again substantially greater, with both species recruiting within the first 6 years after fire. P. mariana may also recruit 30 or 100 years after fire. Interestingly, few individuals in the understorey are older than 30 years, despite wide variation in stand age, and 71% of understorey P. mariana in the oldest stand originated by layers of branches of two P. mariana stems (Fig. 7h ).
Discussion
In many early studies of forest succession the intention was simply to identify the sequence of tree species through succession (e.g. Clements 1916; Cooper 1923; Oosting 1942 ). Often, this was done by subjectively classifying species as early, mid-and late-successional based on when they were dominant in the canopy. In later studies, when tree age was determined by counting the annual growth rings at breast height or as close to the base as possible, these successional classifications seemed to be confirmed; species classified as early successional always appeared to be older than those classified as mid-and late-successional. These results have led to considerable speculation and debate as to the cause of the delay in recruitment of species classified as mid-and late-successional in many different forest types (e.g. Veblen et al. 1991; Huff 1995; Galipeau et al. 1997; Kneeshaw & Burton 1997) . Most causes are related to the environmental and other conditions immediately after stand initiation, e.g. lack of nearby available seed sources, lack of suitable seedbeds, low seed crop, high seedling mortality rates in dry and/or open sites, and competition with shrubs and herbs. However, our results show that when tree age is determined accurately, using dendrochronology at the root collar, all species in these boreal stands recruit into the post-fire cohort immediately after fire. Consequently, we suggest that classifying these tree species as early, mid-, or late-successional based on age is misleading, if not a contradiction in terms.
Our results demonstrate that the common practice of counting the annual growth rings of an individual at 30 cm (or any height) above the root collar underestimates the true age, because growth rings laid down between the root collar and the coring point are not counted, and trees may also have locally missing growth rings. Such methods differentially underestimate age at the root collar because there are species differences in the number of rings laid down between the root collar and any given height above it. Species classified as early successional (P. tremuloides, B. papyrifera, and P. banksiana) grow relatively rapidly and fewer rings are therefore laid down than in species classified as mid-and late-successional (P. glauca, A. balsamea, and P. mariana). Our reconstructions of age at 30 cm above root collar are probably less subject to underestimation than when trees are cored 30 cm above ground level, since the root collar of most trees lies below the mineral soil (DesRochers & Gagnon 1997; Parent et al. 2000; S.L. Gutsell, unpublished data) . Although some studies have indicated that tree ages were determined at root-collar level, most are unclear about what the root collar is and do not outline clearly how to find it.
Ageing tree species above the root collar also differentially underestimates root-collar age, because species classified as early successional have relatively fewer individuals with locally missing rings, and fewer missing rings per individual, than those classified as mid-and late-successional. We are likely to have underestimated the number of individuals with locally missing rings, because the youngest seedlings and saplings have so few growth rings that detecting locally missing rings is Fig. 7 The static age distributions of each of eight stands where age is determined at 30 cm above the root collar by counting annual growth rings (upper charts), and where age is determined using dendrochronology to locate the root collar and locally missing annual growth rings (lower charts).
difficult. Also, some tree species, especially P. glauca and A. balsamea, have relatively wide rings with little variation in width, i.e. complacent rings. Although other studies from the boreal forest of Québec have found ageing to be very difficult in A. balsamea (Parent et al. 2000) and P. mariana (DesRochers & Gagnon 1997) because of a reverse taper phenomenon, i.e. a progressive loss of growth rings on the outer part of the stem on cross-sections examined from ground level towards the hypocotyl, we found few individuals of any species with this problem. Dendrochronologists have known for some time that some tree species do not lay down rings every year (e.g. Fritts 1976; Schweingruber 1989) ; this study confirms that cross-dating techniques must be used in order to determine accurately the ages of all species of boreal trees.
Despite these age corrections, a significant number of individuals, especially of A. balsamea and P. mariana, recruit after the initial post-fire period in the understorey. Some would argue that these will replace individuals from the post-fire cohort when stands reach old age. However, their presence in the understorey is not evidence that such a replacement will necessarily occur. To determine whether such a replacement would occur is beyond the scope of this paper. However, interestingly, despite a wide range of stand ages, few individuals of A. balsamea are older than 50 years, and few individuals of P. mariana are older than 30 years. Also, in our study area, few (< 5%) stands will live for longer than 150 years because of the short fire cycle (Weir et al. 2000) .
Distinctions between the successional status of species have also been based on perceived species differences in height-growth rates; species classified as early successional are believed to have more rapid heightgrowth rates compared to those classified as mid-and late-successional (e.g. Desponts & Payette 1992; Bergeron & Charron 1994; Kneeshaw & Burton 1997) . Our results however, show that such differences occur only during very early growth. Above 1 m, the heightgrowth rates of all species within a stand do not appear to be substantially different: in some cases P. glauca actually grows faster than P. tremuloides, and P. mariana grows faster than P. banksiana. Because the heightgrowth rate of each species changes over time, tree species cannot be characterized by a single overall growth rate. Further, because species differences in mean height growth occur only for a short period of time (relative to their life span), height-growth rates cannot be used as a basis for distinguishing between these boreal tree species and classifying them as early, mid-, or late-successional.
The fact that species classified as early successional have relatively higher growth rates between the root collar and the first 1 m means that they are less severely underestimated when aged above the root collar. This explains why species classified as early successional often appear to be older than those classified as midand late-successional and why they are taller for most of their lifetime. Because species classified as mid-and late-successional get a slow start, they remain in the shadow of those classified as early successional, often, until the next stand-replacing fire.
Other characteristics used to distinguish successional status include life span, shade tolerance, and mode of seed dispersal. Many studies from a variety of forest types have concluded that such characteristics are the principal mechanisms that drive forest succession (e.g. Noble & Slatyer 1980; Hibbs 1983; Pickett et al. 1987; Veblen et al. 1991) , and their role in promoting species replacement during succession has been incorporated into several successional models (e.g. Noble & Slatyer 1980; Huston & Smith 1987; Tilman 1988 ). In the mixed-wood boreal forest, however, at least two of these characteristics do not differ with successional status and consequently cannot affect succession.
Although our conclusions may not apply to all forest types, we suggest that, before conclusions can be drawn regarding patterns of tree age and species' classifications in other areas, the age of all tree species must be determined by excavating the stump, locating the root collar, and using dendrochronology to locate any locally missing rings. If it is not possible to excavate the stumps of all individuals, e.g. on protected lands, attempts should be made to sample the stumps of a range of sizes of each species, even if only in adjacent unprotected areas where environmental conditions are similar. Also, if species are to be classified based on height-growth rates, individual height-growth curves must be shown. Failing to examine carefully both age at the root collar and individual height-growth rates may lead to misconceptions regarding forest dynamics.
In the mixed-wood boreal forest of Saskatchewan, all tree species recruit within the first 5 to 10 years after fire. Species with lower initial growth rates will, for most of their lifetime, remain relatively shorter than species with higher initial growth rates, giving the false impression that the former are younger. Some species, particularly A. balsamea and P. mariana, may recruit in large numbers in the understorey; however, there is no evidence that they will ever replace the post-fire cohorts in the canopy. Thus, we conclude that the rapid recruitment of all tree species after fire and the short fire cycle in our study area mean that, between catastrophic wildfires, any changes in the composition or abundance of species within a stand are driven primarily by the mortality rates of the post-fire canopy trees.
